SUMMARY We studied the time course, magnitude and homogeneity of the change in extracellular myocardial potassium activity after acute ligation of the left anterior descending coronary artery in pigs using potassium-sensitive electrodes made from a valinomycin-polyvinyl chloride matrix membrane. We also studied the relationship betweein the changes in potassium activity and the simultaneous changes in ventricular activation using the reference barrel of the K+ electrode to record ventricular electrograms. We found that the K+ rose sooner, more rapidly and to higher levels than previously reported. The K+ changes occurred in three phases: a phase of rapidly rising K+ that began within seconds of the ligation and lasted 5-15 minutes, a plateau phase that lasted approximately 15 minutes and a phase of slowly rising K+ that extended throughout the longest occlusion (60 minutes) used in this study. The K+ changes were reversed by release of the occlusion during the rapidly rising and plateau phases, but were not reversed by release of the occlusion during the phase of slowly rising K+. Inhomogeneities in the K+ rise appeared between the center and lateral margins of the midmyocardial ischemic zone, between the subendocardium and the subepicardium in the center of the ischemic zone, and between closely spaced electrodes located in the midmyocardial center of the ischemic zone. Thus, the change in K+ activity, as recorded by our electrodes, can be considered an excellent marker of ischemia. Changes in ventricular activation paralleled the K+ rise, the inhomogeneities of K+ rise and the reversal of the K+ rise after release but could not be entirely explained by the change in K+. 
SUMMARY We studied the time course, magnitude and homogeneity of the change in extracellular myocardial potassium activity after acute ligation of the left anterior descending coronary artery in pigs using potassium-sensitive electrodes made from a valinomycin-polyvinyl chloride matrix membrane. We also studied the relationship betweein the changes in potassium activity and the simultaneous changes in ventricular activation using the reference barrel of the K+ electrode to record ventricular electrograms. We found that the K+ rose sooner, more rapidly and to higher levels than previously reported. The K+ changes occurred in three phases: a phase of rapidly rising K+ that began within seconds of the ligation and lasted 5-15 minutes, a plateau phase that lasted approximately 15 minutes and a phase of slowly rising K+ that extended throughout the longest occlusion (60 minutes) used in this study. The K+ changes were reversed by release of the occlusion during the rapidly rising and plateau phases, but were not reversed by release of the occlusion during the phase of slowly rising K+. Inhomogeneities in the K+ rise appeared between the center and lateral margins of the midmyocardial ischemic zone, between the subendocardium and the subepicardium in the center of the ischemic zone, and between closely spaced electrodes located in the midmyocardial center of the ischemic zone. Thus, the change in K+ activity, as recorded by our electrodes, can be considered an excellent marker of ischemia. Changes in ventricular activation paralleled the K+ rise, the inhomogeneities of K+ rise and the reversal of the K+ rise after release but could not be entirely explained by the change in K+. The heart was exposed through a midsternal thoracotomy and cradled in the pericardium. In five experiments, the sinus node was crushed and the right atrium paced at a constant rate of 90-180 beats/min using platinum bipolar plunge electrodes coupled to a Grass model S88 stimulator. In the remaining 19 experiments, the heart beat spontaneously at rates of 100-200 beats/min. A snare of 1-0 silk suture was positioned around the left anterior descending coronary artery just distal to the origin of the first diagonal branch.
Miniature K+-selective, double-barrel electrodes (0.25 mm o.d./barrel) ( fig. 1) In the experiment illustrated in figure 3 , the increase in aK+ recorded by the two electrodes positioned in the center of the ischemic zone rose more rapidly and to a higher level than that recorded in the marginal zone The results from the 22 experiments in which the midmyocardial probes were used are summarized in figure 4 . The mean value of the extracellular aK+ in all zones before occlusion was 3.5 ± 0.1 mM. The difference in control aK+ values recorded at different sites in any given experiment varied from 0.1-0.5 mM. These differences were not statistically significant. The time after occlusion at which aK+ began to rise (figure 4A) was, on the average, less in the center than at the margin of the ischemic zone, although in some experiments similar onset times were observed. The fig. 4C ), was significantly greater in the center than at the margin, and significantly greater at the inside margin than at the outside margin. The data in figure 4C do not include the aK+ values recorded during the slow phase of the K+ rise that occurred after the plateau. In 13 experiments, a plateau level was observed ( fig. 4D ). In summary, the K+ changes occurred earlier, rose more rapidly and rose to higher levels in the center of the ischemic zone than at the margins. Our results also indicate that a slight increase in aK+ occurs at sites 0.5 cm outside the epicardial cyanotic margin.
The results shown in figures [2] [3] [4] indicate that significant inhomogeneities in the rate and magnitude of aK+ exist between the center and margin of the ischemic zone. Figures 3, 5 , and 6 indicate that inhomogeneities of aK+ also existed within the center of ischemic zone. In the experiment shown in figure 5 , two midmyocardial K+ Figure 7 illustrates experiments designed to determine the reproducibility of the ischemia-induced changes in aK+ and the effect of heart rate on the aK+ change. Three occlusions separated by 45 minutes were performed (fig. 7A ). The heart rate was 90 beats/min for the first two occlusions. Five minutes before the third occlusion, the heart rate was increased to 140 beats/min. The ischemia-induced change of aK+ was the same for all three occlusions. A transient rise in extracellular aK+ of 0.1 mM began within 10 seconds of the preocclusion increase in heart rate and lasted for less than 2 minutes. (fig. 7B ).
Changes in Local Ventricular Activation Figure 8 illustrates the bipolar electrograms and changes in aK+ recorded simultaneously from triplebarrel electrodes located in the center of the ischemic zone and in the nonischemic zone. In this experiment, slight changes in ischemic zone activation were noted within 1 minute of the coronary occlusion even though aK+ had increased by only 0.5 mM. The local activation spikes became progressively delayed and widened during the most rapid phase of the aK+ rise, with marked fractionation occurring at 5 minutes. Between minutes 6 and 14, the activation abnormalities lessened. In this interval aK+ continued to rise, but at a somewhat slower rate than in the preceding 6 minutes. By 18 minutes, the local activation spike was again more delayed. At this time, the plateau phase of the K+ rise had been reached and only slight changes in aK+ occurred. The aK+ and electrograms recorded from the nonischemic zone were essentially unchanged throughout this period. The changes illustrated in this figure are typical of the changes in the midmyocardium of the center of the ischemic zone recorded in other experiments. Figure 9 illustrates that the changes in local ventricular activation reflected the inhomogeneity in the rate and magnitude of the changes in aK+. The figure demonstrates 2: 1 conduction block in the central area.
The changes in activation associated with the acute occlusion were substantially greater than those produced by an equivalent steady-state elevation in aK+ ( fig. 10 ). In this experiment aK+ was increased to 6.6 mM by the infusion of KC 1 into the inferior vena cava and maintained at this level by the constant infusion of KC 1 (center panel). The activation spike recorded after the steady state was reached was similar to control (aK+ = 3.4 mM). However, the rapid increase in aK+ to 6.6 mM induced by ischemia resulted in a marked delay in the local activation spike.
Ventricular fibrillation occurred in 11 experiments. In four it occurred during the phase of rapid K+ rise, in six during the plateau phase, and in one during reperfusion. None of the swine developed ventricular fibrillation during the phase of slowly rising aK+ observed during longer occlusion periods (three experiments). Although the changes in local ventricular activation paralleled the midmyocardial aK,+ rise, there was no correlation between the rate or magnitude of the aK+ rise and the incidence of ventricular fibrillation. The time course of the initial phase of aK+ change correlates well with the changes in extracellular Pco2 recently described by Case et al.l8 They reported that the rise in Pco2 began within 7 seconds of acute coronary ligation. It is likely that the K-changes we observed occur equally rapidly (figs. 5 and 6). However, for reasons that are not obvious, the rise in Pco2 did not have a plateau phase. In this respect, the changes in extracellular aK+ may be a more useful index of ischemia because the end of the plateau may identify the end of the period of reversibility.
Discussion
Our results indicate that significant inhomogeneities in the rate and magnitude of aK+ change exist between the center and lateral margins, between the endocardium and epicardium, and even in the central midmyocardial region of the ischemic zone. The fastest rise in aK+ was recorded in the subendocardium ( fig.  6 ). These inhomogeneities are consistent with results obtained from microsphere studies of local perfusion'17' 9-21 and from studies of the anatomic, 17 However, three pieces of evidence support the con- The delay in activation recorded during the occlusioninduced rapid rise of aK+ was more marked than that associated with similar steady-state levels of aK+ induced by the systemic infusion of KC1 ( fig. 10). 3) The local activation delay associated with the rapid rise in aK+ became less marked even though aK+ continued to increase slightly or did not change. The more marked changes in aK+ in the subendocardium might have caused the changes in electrical activity recorded in the midmyocardium. It is also possible that intramyocardial Purkinje fibers were more sensitive to changes in aK+ than the myocardial fibers41 44 or that the rate of the ischemia-induced aK+ rise contributed to the observed changes in activation.5' 4 Also, other factors, such as changes in intra-and extracellular pH, Pco2, Po2,46 and the extracellular accumulation of metabolic end-products, should be considered. It is unlikely that the difference in activation observed during the infusion-induced and ischemia-induced changes in aK+ could be attributed to changes in intracellular aK+ because, on the one hand, it has been shown that increasing extracellular aK+ does not in-crease intracellular aK+ 47 and on the other, that the ischemia-induced rise in extracellular aK+ can be accounted for by a 1-3% decrease in intracellular aK+.48 This change would make an insignificant difference in the extracellular-intracellular K+ gradient induced by a 100-200% change in extracellular aK+.
The transient rise in extracellular aK+ that we recorded in the normal myocardium after the abrupt increase in heart rate is consistent with recent observations using K+-sensitive microelectrodes.49 5 However, the change in aK+ in the ischemic zone during the rapidly rising phase was independent of heart rate, perhaps because the rate of change in aK+ was too great to be influenced by the increase in heart rate. Thus, the rate-dependent slowing of conduction within the acutely ischemic zone observed by others"' cannot be attributed to a more rapid accumulation of extracellular K+. Rather, the rate-dependent changes probably reflect the prolonged recovery of the action potential upstroke38 and of conduction velocity that occurs in K+ depolarized fibers. 43 We could not correlate the development of ventricular fibrillatiop to the changes in midmyocardial aK+. The magnitude of the inhomogeneities in aK+ and activation throughout all areas of the ischemic zone may be more important than the individual changes we recorded. The ability to record the changes in aK+ and activation simultaneously from more areas than was possible in this study should permit more accurate assessment of these inhomogeneities and perhaps the identification of the factors critical to the development of ventricular fibrillation. SUMMARY The morphologic consequences of transluminal angioplasty of stenotic atherosclerotic coronary arteries are unknown. This study describes the production of aortoiliac atherosclerosis in rabbits and reports the morphologic changes after transluminal angioplasty of stenotic arterial lesions. Atherosclerotic lesions were evaluated angiographically before and after transluminal angioplasty and were studied histologically and by electron microscopy after angioplasty. Moderately stenotic aortic segments showed denudation of endothelial cells and deposition of a carpet of platelets enmeshed in fibrin. Medial and intimal compression were not seen. Intimal plaque disruption and splitting of atheromatous plaques were observed in more stenotic vessels where dilatation during angioplasty is relatively greater. Transluminal angioplasty, therefore, acutely causes desquamation of endothelial cells and superficial plaque elements, splitting of atheroma and subsequent deposition of platelets and fibrin in the area of angioplasty. This experimental model may be useful to evaluate the morphologic changes after angioplasty and might be used in further studies to determine the long-term pathophysiologic changes after transluminal angioplasty.
RECENT STUDIES by Grintzig" 2 indicate that percutaneous coronary transluminal angioplasty with a balloon-tipped catheter is effective in the treatment of stenotic coronary artery disease in humans. In follow-up, coronary angiograms of patients treated by this technique show improved lumen diameter at the
